There are a number of new high intensity proton synchrotrons proposed: the SNS [6] at Oakridge and ESS [7] in Europe, as neutron sources; the JHF/NSP [9] in Japan, a multi-disciplinary facility sponsored by KEK and JAERI; the New FNAL Booster [5] ; and the Proton Driver [4, 8] . All will encounter beam current limitations arising from beam instability; and the lower energy machines are also limited by space-charge collective effects. Though many anticipated problems are shared in common between these machines, the impetus for the theme of this workshop, "Instabilities of High Intensity Hadron Beams in Rings", comes from the SNS and Proton Driver which were the inspiration for the charge to the "Instabilities Working Group" to answer the following questions.
Summary
There are a number of new high intensity proton synchrotrons proposed: the SNS [6] at Oakridge and ESS [7] in Europe, as neutron sources; the JHF/NSP [9] in Japan, a multi-disciplinary facility sponsored by KEK and JAERI; the New FNAL Booster [5] ; and the Proton Driver [4, 8] as first stage of a µ − µ collider. In addition there are operating machines such as ISIS [1] at RAL, the Brookhaven AGS [3] and its Booster, and the IPNS [35] at Argonne with high intensity and beam power. Moreover, at the energy frontier the beam quality requirements of CERN LHC [10] will pose new and challenging operation modes for its injector chain comprising Booster, PS [12] , and SPS [11] . All will encounter beam current limitations arising from beam instability; and the lower energy machines are also limited by space-charge collective effects. Though many anticipated problems are shared in common between these machines, the impetus for the theme of this workshop, "Instabilities of High Intensity Hadron Beams in Rings", comes from the SNS and Proton Driver which were the inspiration for the charge to the "Instabilities Working Group" to answer the following questions.
1. Stability against longitudinal microwave instability at high intensity: Is a large momentum spread sufficient to stabilize the beam? Does it occur below transition?
2. Transverse stability at high intensity: What is the effect of space charge?
3. What is an appropriate description of fast transverse instabilities for long bunches and large space charge tune shifts?
4. What is an appropriate description of fast instabilities for short bunches and very large space charge tune shifts?
5. What is the effect of uneven longitudinal phase space distributions?
6. Do space-charge stabilized "hot spots" exist and do they affect overall beam stability?
7. E-P instability: How to identify it and how to cure it?
What is the status of synchro-betatron resonances?
Very briefly, we summarize the answers as follows:
1. Though ∆p/p 0 is important, so is the distribution function. Instability may occur below γ t if large enough R or L, but usually the C from space-charge is enough to stabilize. Misuse of the circle-criterion can give overly conservative tolerances for allowable machine impedance.
2. Space charge induced tune shift and spread causes the beam foot-print to span imperfection resonances. For coasting beams, the picture (Sacherer [39] , Hofmann [62] , Baartman [63] , Machida [64] ) is quite clear 1 , it is the tune for the various coherent modes that matters. For the bunched beam case, the problem is more complicated and there is no good conceptual framework.
3. For coasting beams there is the transverse microwave instability. There was no consensus as how to include the space-charge effect self-consistently: should space-charge impedance and tune spread both be included, or just one, or neither. For bunched beams, there is the fast head-tail instability. Experimental evidence at ISR and numerical eigenmode analysis both suggest space-charge stabilization, but neither result was considered definitive.
4. Short bunches are an unusual occurrence in hadron machines and not a great deal is known. The number of excitable modes is likely to be small [40] , but complicated by 3D coupling. PIC tracking and envelope models [55] may help increased understanding.
5. The term 'uneven' it presumed to mean large scale inhomogeneity arising from imperfect painting schemes. Possible effects are:
• large seeding of coherent instability (rather than growing from noise),
• halo formation by space-charge shocks (core-halo model) if very mismatched.
If these effects are not important, then there is no need for phase space painting schemes.
6. It is not entirely clear what is meant by "hot spot". No strong evidence for 'hot spots' stabilized by space-charge. However, some theoretical evidence [38] (speculative) for soliton waves in coasting beams interacting with a resonator impedance. If hot spots do exist, one can imagine locally large betatron incoherent tune spread and possibility for loss on resonances.
7. Although a two-stream instability accounts for some features of e-p, the observed fast growth at PSR and AGS Booster seems to require an additional mechanism of electron multipactoring initiated by electron liberation at the wall by proton halo. This is contentious.
8. Status of synchro-betatron understanding is captured in the ICFA workshop in Madeira [41] , 1993.
Introduction
Stability analysis proceeds as follows. [14] gave a concise compendium of classical instability theory of particle beams in rings. In particular he gave physical/intuitive aide memoire for deciding which upper/lower sidebands are stabilizing/destabilizing depending as above/below γ t .
Longitudinal Coasting Beam and Fast Bunched Beam Instability
Microwave instability is ubiquitous above transition energy; instability seen in the KEK-PS [13] jut above γ t , at CERN PS [12] during debunching, and anticipated in the SPS [11] with LHC beams were reported at this workshop.
Theory
The Keil-Schnell Theory is appropriate for coasting beam; and for bunched beams when the growth rate is much larger than the synchrotron frequency. Let Z be the driving impedance. When the [Z] | [Z]|, the 'circle-criterion' may be adopted. However, when | [Z|| [Z] , the theory must be applied with care using the 'stability diagram' which is a graphical solution of the dispersion relation and depicts a 'threshold contour'. Typically, the stable region has a tear-drop shape aligned with the [Z] axis. The theory applies correctly both above and below transition, except the stability region flips about the [Z] axis. Below transition energy, γ t , a pure capacitive impedance (e.g. space-charge) is stable; whereas above γ t a pure inductive (e.g. wall) impedance is stable. Though these facts have been known (by many) since the time of Keil-Schnell, nevertheless some of the community had forgotten and I. Hofmann [17] attempted a reminder in 1992.
Comments
In general, though the microwave instability is possible below γ t , it is unlikely to be observed because the space-charge impedance Z s.c. ∝ 1/(βγ 2 ) is typically large at lower energy. For example, there is no longitudinal microwave instability in the Rutherford ISIS. However, a large inductive impedance below γ t could prove fatal to the particle beam.
Although the momentum spread ∆p/p 0 of the beam is important, nevertheless the shape of the distribution function Ψ 0 (∆p) is very important as tails (i.e. smooth higher order derivatives) contribute greatly to stability. However, if there is nonzero [Z] > 0, then how well the [Z] stabilizes the beam (particularly near the cusp of the tear-drop) is quite sensitive to the exact form of Ψ 0 . Fortunately, there is a self-stabilizing effect: as a result of instability, the beam will acquire a singlesided tail and a new, larger threshold contour. However, depending on the form of the impedance (how it rolls off with frequency [17] ), the tails can grow indefinitely -leading to beam halo.
It is worth pointing out that there is no mode-coupling in the Keil-Schnell theory, and this extension 2 is left as an exercise for the student.
Simulations
I. Hofmann [15] presented elegant simulation of coasting beam longitudinal microwave instability that:
• confirm the small amplitude instability theory beautifully,
• extend our understanding to the non-linear regime,
• agree with controlled experiments in ESR machine at GSI using a tuneable resonator impedance.
Let D be the convective derivative. Then DΨ 0 = 0 and in the linear regime
In the non-linear regime evolution is proportional to the product of the perturbation and its wake:
In this regime, one may see either saturation or linear growth depending as Z; also wave-breaking and sub/super-harmonic generation effects (reminiscent of the work of Colestock [43, 44, 45, 46] ) are possible. Further, as is obvious, when [Z] > 0 one sees a slow decrease in the beam mean energy due to a.c. losses. Saturation effects have been discussed analytically by Ng [18] . K.Y. Ng [5] also presented simulations of the microwave instability (far from transition energy). Although these simulations showed the formation of RF buckets with beamlets captured within, as is expected of a 'self-bunching' instability, the simulations showed other features not in agreement with theoretical predictions.
Microwave instability near transition
Several times (usually in connection with electron machines) it has been suggested to make short bunches by operating the ring with beam energy equal to the transition energy. In particular, the Proton Driver [4] for a µ-factory needs short bunches just before extraction to the target. It has been recognized for some time that the chromatic dependence of the momentum compaction factor
Based on simulations, Ng [5] drew attention to the fact that applying coasting beam microwave theory to a bunched beam at transition is on shaky ground because the assumed steady state distributions Ψ 0 are not consistent with the steady state wakefields 3 W 0 . Although beam particles cannot move in RF phase, and so the bunch shape and wake do not change, nevertheless particles do move in energy and so Ψ 0 shears linearly with time -there is no steady state Ψ 0 unless the instability is very fast. [This effect is well known in isochronous cyclotrons, and 'flat-topping' RF waveforms are superimposed to cancel the wake-effect.] Ng used additional harmonic waveforms to cancel W 0 and thereby artificially reproduce the (incorrect) theoretical assumption of a constant Ψ 0 . When this was done, the simulations were still not in agreement with the theory of Bogacz [42] and Colestock [47] .
Comments
Perhaps I. Hofmann's group could run these 'near transition' cases with their computer simulation programs. Further, theorists should also take a look at this condition once more.
Historical note
This omission of the steady-state effect parallels work (not close to γ t ) done during TRIUMF KAON. Ignoring the steady-state non-linear wake, analytic instability theory was used to show that a hollow bunched beam is stable under space-charge even though the beam current was so high that (parts of) the RF bucket had collapsed to zero. When, in simulations, the steady state wake was artificially compensated to reproduce the same un-physical situation (no steady state wake) the beam became stable.
Steady State Impedance Compensation
Just as we detune the accelerating cavity fundamental resonance away from the the beam RF, to compensate the reactive component of beam-loading at the fundamental, so we can imagine [20, 21] to include additional passive elements in the ring to compensate the effect of reactive steady state wakes upon the beam incoherent motion.
In many machines built (ISIS, CERN PSB, AGS Booster, etc.) and planned (SNS, Proton Driver, JHF, etc.), the space-charge impedance produces severe potential well distortion and substantial reduction of RF bucket area below γ t . For example, the proposed new FNAL Booster would have to double V rf and this is an expensive proposition as power ∝ V 2 /R. This problem has led to the suggestion of Griffin [22] for an "inductive compensator". Ideally, the compensator should be tuneable to follows changes in the space-charge impedance, Z s.c. ∝ ln(b/a)/(βγ 2 ). The beam momentum βγ changes during acceleration, and the ratio of pipe to beam size b/a varies during multi-turn injection. Candidate devices for an inductive compensator are ferrite and finemet loaded structures, and specially shaped RF resonators. Ng [5] discussed methods to reduce the a.c. hysteresis losses of ferrite structures by careful attention to the spin dynamics, etc.
Experiments
Several experiments with inductive inserts have confirmed that at least partial compensation of the space-charge impedance is achievable. At this workshop, we heard of experiments at KEK with finemet [19] and ferrite [2] at the LANL PSR. In the KEK experiments, an inferred increase in the incoherent tune was attributed to an insert. Measuring the longitudinal incoherent tune based on bunch length oscillations is a difficult procedure, and it was recommended to consider measuring Ω s either by the head-tail instability or via a beam transfer function measurement. In the PSR experiments, there has been a definite increase in the slope of the curve "captured beam current versus peak RF voltage" and evidence ?? for a cleaner gap between the two ends of the bunch; both effects suggest reduction of space-charge. Regarding the effect on beam stability, the PSR experience is "no better, perhaps slightly worse".
Additional advantages
One possibly very useful application of the inductive insert is to cancel the longitudinal space-charge mismatch that occurs at transition energy by arranging
This cancellation happens by good fortune in the CERN PS and ease of transition crossing has been attributed to this fact.
A more speculative benefit of the inductive insert may be to restore Landau damping of the dipole mode by restoring the incoherent frequencies closer to the coherent tune.
Comments
One must no overlook the possibly substantial conflict between using an inductive insert to compensate the steady-state wake an the possibility for microwave instability below transition energy. Do not overdo the compensation!
Slow Head-Tail Instability
The head-tail instability is important because it is so ubiquitous. At this workshop, observation of head-tail was reported at RAL-ISIS [1] (vertical, m = −1), CERN-PS [12] (horizontal m = 6 through m = 10, depending on chromaticity ξ, driven by resistive wall) and at KEK-PS [13] (m = 0, 1, 2 modes close to extraction, driven by kicker magnet impedance and resistive wall). The instability is also anticipated at LHC, SPS with LHC beam, JHF/NSP and ESS.
Cures/avoidance
• Landau damping via octupole-induced tune spread (LHC, CERN-PS, KEK-PS) with octupoles of the correct sign. Easier if separation between coherent and incoherent tune shifts is small.
• Use natural chromaticity (close to zero).
• Betatron tune jumping -use for narrowband impedance when tune is just below the integer. Because fast quadrupoles are required, there are eddy currents to consider unless a ceramic chamber is used [1] .
• Reduce wall impedance.
• Careful attention to kicker impedance -matched terminations, etc. [9, 7] • Dedicated narrowband feedback [9] -may be reactive or negative resistive. Berg [50] has drawn attention to a potential problem with feedback dampers.
• Horizontal-vertical betatron coupling by Skew quadrupoles (CERN PS) [31] 
Theoretical advances
• Landau damping in both planes (with octupoles) gives synergistic effect [49, 10] .
• Damping by coupling [31] with skew quadrupoles provided α H +α V < 0 where α are the growth rates e αt . This is experimentally confirmed in the CERN PS.
• General binomial distribution and Landau damping. [61] 
Fast Transverse Instability
There is the transverse analogue of the microwave instability in coasting beams; and for bunched beams there is the head-tail instability. Hubner-Vaccaro formulated [57] [58] the transverse microwave dispersion relation; the model contains chromatic spread of the betatron tune through slip factor η and chromaticity ξ. Because these terms appear as [(n − ν β )η + ξ] so it follows that the threshold contour of the instability contour does not simply flip at transition energy. The model also contains tune spread through amplitude dependence of tune as might be caused by octupoles.
Later the model was extended to include the transverse space-charge impedance and the transverse incoherent tune spread (for non K.V. beams). At the workshop there was greatly divergent opinion as to which of these effects should be included and justified -particularly because of the issue of coherent versus incoherent tune shift and uncertainty amongst some individuals as to the meaning/interpretation of transverse space-charge impedance.
S. Ruggiero drew attention to Möhl's paper [59] which, in an attempt to explain experimental experience at CERN PS Booster, claims that neither space-charge tune spread does nor the space-charge impedance (proportional to the difference 4 of incoherent and coherent tune shifts) enters into the dispersion relation (as a stabilizing mechanism) unless octupoles are also present. Later, Möhl extended this work to head-tail modes [60] in bunched beams. The community was not entirely comfortable with this interpretation and recommended further controlled measurements/experiments at the PSR and AGS, etc.
Fast Head-Tail Instability
The fast head-tail (HT) is observed in LEP, SPS [51] and other electron machines with short bunches, but not so far in hadron machines with long bunches; because the beam power spectra and its interaction [65] with the impedance differ between these cases. Other stabilizing mechanisms have been suggested. Y. Chin treated analytically the H-T with betatron tune spread [52] and synchrotron frequency spread [53, 54] (due to RF non-linearity) and found the beam stable for resonator impedance. ∆Ω s spread is usually more effective that ∆ω β spread.
Fast head-tail with strong space-charge
A. Hofmann reported experiments at the ISR where conditions were deliberately arranged to promote a fast head-tail: reducing Ω s < 10ω β and set chromaticity positive. No HT was observed, and the stability was attributed to transverse incoherent tune spread arising from space charge.
Blaskiewicz reported posing the head-tail instability as an eigen-value problem with resonator and space-charge impedances included. He drew attention to problems with lack of convergence [32] ; it is not clear if this is due to the choice of basis or impedance (inadequate "roll-off"), or both, but it does point to a need for careful use of basis functions. However, other work [33] suggests that longitudinal space-charge tune spread suppresses the instability. Ng [5] also reported numerical eigenmode analysis by Alexei Burov which indicate stabilization of the mode coupling up to some critical beam current at which point modes couple differently and there is instability.
Regarding the lack of convergence as the dimension of the eigenvalue matrix is expanded, it was pointed out that strong off-diagonal coupling implies the basis is too far from the true eigen-functions, and that the Legendre basis for parabolic beams (known to be exact solutions for space-charge) be used. Shaposhnikova noted that if coupling of azimuthal modes up to m is important, then one must retain at least m/2 radial modes.
Transverse Instability in Short bunches
Comments of the 'Instability Working Group' are as follows.
In the absence of synchrotron radiation, short bunches are not a 'natural' state encountered for hadron beams. Even in the Proton Driver where longitudinal bunch rotation is used to shorten the bunches, these bunches are only short for 1/4 synchrotron oscillation and are then immediately extracted to a target in which case final beam quality is not terribly important.
One of the conclusions of the ICFA workshop [40] was that short bunches should suffer fewer problems because high order within bunch modes are harder to exciteassuming that the impedances are conventional and roll-off. This property can be seen either from the Sacherer/Laclare form factors or by appealing to the intuitive argument that a short bunch is more like a point charge. However, growth rates scale as the peak current (not average) and so viable modes will grow very quickly.
One can still anticipate transverse dipole and quadrupole modes. Because the bunches are short and non-relativistic there will be 3D coupling of the normal modes. The quadrupole (or envelope) modes may be treated using the model of Pabst [55, 56] developed for linacs.
Because space-charge impedances are normally derived for the limit of long bunches, and because of the anticipated 3D coupling, PIC models with finiteelement solutions of Maxwell's field equations could be advantageous for understanding phenomena.
Although longitudinal potential well distortion is severe, and Ψ 0 must be found self-consistently before instability analysis, there is little requirement to use a Ψ ⊥ 0 much different from the single-particle case because transverse focusing is typically very strong: tune spread/shift of δν 0.4 must be compared with the integer part of the tune which is normally large.
E-P Instability
The electron-proton (or e-p) instability was first diagnosed in the CERN ISR [24] and LBL Bevatron [23] ; and has been seen in the LANL PSR for a decade or more. Recently, the e-p instability has been observed [26] with coasting beams ?? in the AGS Booster at BNL. The e-p instability is considered a possibility at the proposed SNS, ESS and the Proton Driver. However, there are other high current machines notably RAL ISIS where where e-p has not been encountered.
Experimental results
The PSR experience is of a vertical 5 transverse instability resulting in fast beam loss, typically within about 600 µs. The momentum spread ∆p/p 0 of the beam, which contributes Landau damping, is an important parameter as is also the vertical betatron tune, ν V . The instability proceeds from tail to head of the bunch. The instability displays thresholding. Longitudinal modulation of the beam current (i.e. gap) is important but mot essential to the instability. Recent experiments [2] indicate an anticipatory rise in the electron current before the instability really takes off. The AGS Booster experience [26] confirms the anticipatory electron current and an extremely fast growth rate of approx 20 µs. The fast growth rates indicate that although longitudinal current modulation may be important, synchrotron motion is irrelevant.
Electron sources
Multipactoring has recently been recognized as an important source of electrons. Two possible models of secondary emission yield (SEY) are being used in simulations and one should compare between them. Zhang [6] reported experimental data for electron production due to ion impacts versus impact angle and suggested to scale to protons. Certainly there is a case for large production rates.
Danilov [30] claims a 'natural' neutralization (arising from proton halo) of about 10 −3 and that this is enhanced to 1% by SEY -though there is a strong dependence on pipe/beam radius.
Analytical models
There is continuing progress with theoretical models. The early model of KeilZotter [25] included the Landau damping effect. The later model of Neufer with rigid beams showed some of the signatures seen at the PSR. At this workshop, Davison [27] described a two-stream instability of fluid beams, but with no longitudinal momentum spread. The coupled Vlasov-Maxwell equations for two coasting beams with K.V. distributions is solved for arbitrary longitudinal and transverse mode numbers. Growth rates in the "ball park" of PSR are obtained, but the electrons are trapped inside the potential well of the proton beam and take 'longish' times to reach the wall.
Proposed directions for theorists
Davidson proposed the following directions for two-beam studies.
1. To use non-linear δf simulations in combination with analytical estimates to determine the dependence of instability threshold, growth rate and nonlinear dynamics on:
• Input ion and electron distributions
• Density profile shapes
• Transverse mode structure
• Axial momentum spread
• Fractional charge neutralization 2. To identify control knobs to eliminate or minimize deleterious effects of e-p instability at beam intensities of interest for PSR and SNS.
3. To understand key features of e-p instability both for continuous coasting beams, and for finite length bunches.
Numerical models 8.4.1 δf method
H. Qin [28] reported results from the "BEST" computer program which solves the Vlasov-Maxwell equations of two (or more) coasting beams for arbitrary Ψ 0 using the δf method which has the advantage that no computation time is wasted with Ψ 0 . For the instability to develop, it is found that 'hot' electrons are required with the electron distribution function overlapping the (real space) proton eigen-mode which is concentrated where the radial derivative dΨ/dr is largest.
Macroparticle tracking
Wang [29] reported a model in which the proton beam is represented by transverse slices and macroparticles are substituted for electrons. The model includes electron liberation by halo protons and SEY arising from electrons striking the wall. The model predicts many qualitative phenomena in agreement with PSR observations; e.g. the instability proceeds from tail to head of the bunch. Danilov [30] reported a slightly simpler model but with a different model for SEY. He finds multipactoring to be an important source of free electron production with electrons bouncing repeatedly across the beam pipe and not trapped in the potential well of the protons. A triangular modulation of the longitudinal beam current is assumed.
Comments on simulations
Suggest a detailed comparison of the predictions of Danilov's and Wang's codes using identical (or equivalent) parameters wherever possible.
Suggest to check fidelity of instability predictions against machines such as ISIS where there is known to be no e-p instability.
Comments
There is no doubt that a two-stream instability can account for some features of an e-p instability. However, there was quite strong disagreement as to what is the mechanism for the observed fast growth. The disagreement is partially about "where are the electrons liberated?" In fact, free electrons are produced everywhere: inside the beam by collision of protons with residual gas atoms/molecules and at the wall by impacts of the beam halo; so its more a question of what is the dominant process.
In the two-beam model [27, 28] , electrons are initially trapped inside the potential well of the proton beam, the two beams start to oscillate, and when the electron oscillations grow to large amplitude they hit the wall and initiate multipactoring depending on the SEY.
In the halo-model [30, 29] , electrons liberated at the wall by proton halo are not trapped and can bounce from side-to-side across the beam pipe; these electrons need a mechanism to increase their kinetic energy high enough for secondary emission to occur. One possible mechanism is shaking of the potential well (through e-p instability or initial coherent betatron motion). This mechanism might not be large enough unless there is some non-adiabatic effect to pump the electrons to kinetic energy > 50 eV. S. Heifets suggested such an effect arising from a longitudinal modulation of the beam current. What is needed is a ripple wavelength comparable with the electron bounce wavelength.
There was also some discussion of the possibility that the PSR 'e-p' instability could be a transverse microwave instability; this was linked to the debate of whether transverse space-charge impedance and incoherent tune spread should be included in the transverse microwave criterion.
Cures
• Surface conditioning to reduce the SEY of vacuum chamber wall, proposed for LHC [10] .
• Clearing electrodes; possible only in straight sections and somewhat ineffective at LANL PSR.
• Solenoids -untried.
• Hard pumping or baking -helps clean up wall surface.
• Profiling of the vacuum chamber and the RF cage leads to less trapping of electrons because of the reduced potential well [1, 7] .
• transverse feedback -as coherent lines 100-200 MHz appears on bpm signal spectra -untried.
Longitudinal Bunched Beam Instability

Coupled bunch
Longitudinal coupled bunch instability seen in the SPS [11] and new variations anticipated with new filling pattern for LHC. Problem is loss of Landau damping toward end of acceleration cycle. Have used 4th harmonic cavity in bunch shortening mode [34] to increase synchrotron frequency spread and promote damping; bunch lengthening mode is problematic. In recent years SPS staff have introduced a new technique to identify offending impedances: by observing mode growth while beam is allowed to debunch. Sources identified so far include septa and pumping ports. A common problem in identifying driving impedance is that mode number only identified to within harmonic number h. For example, a (transverse?) instability in CERN-PS [12] could be n = 2 or n = 6 as h = 8. Shaposhnikova [34] reminded the community that the Sacherer/Laclare form factors contain a dependence on impedance frequency and within bunch mode number that can help settle this question; based on Taylor and asymptotic expansions, she gave two rules of thumb for identification.
